Multifunctional reactors are used in chemical process industries and promote thermal coupling between an exothermic and an endothermic reaction. The former supplies energy to the latter so they can be carried out simultaneously. Fischer-Tropsch (FT) synthesis coupled with methyl cyclohexane (MCH) dehydration in a multifunctional reactor was studied in this work, aiming the production of gasoline and hydrogen. The reactor was modelled by using material and energy balances for the reactional system, in a pseudo homogeneous, one dimensional and steady state model. Reaction kinetics were taken from the literature and the system of ordinary differential equations was solved in Matlab, in parallel flow. In addition to technical aspects, a preliminary economic evaluation was developed. Gasoline production was optimized and in the best operational conditions its yield was equal to 10.2 g / 100 g.
Introduction
Process intensification is connected to the analysis and design of equipment and processing techniques with better efficiency and sustainability. In this sense, coupling of exothermic with endothermic reactions in multifunctional reactors can be a potential improvement, optimizing capital and operational costs. Chemical reaction integration in a multifunctional reactor with recuperative coupling is structurally similar to shell and tube heat exchangers. One set of reactions flows in the tubes region and the other in the shell side, typically in a fixed bed configuration, as indicated in Figure 1 , for countercurrent flow (a) and parallel flow (b). In the representation, exothermic reaction takes place inside the tubes and the endothermic reaction is conducted in the annular region [1] . The heat transfer area enables thermal coupling whereas the possible presence of a membrane leads to mass coupling, usually in equilibrium reactions. The synthesis is also known as a gas to liquid technology, since gaseous feedstock is transformed into liquid hydrocarbons, including synthetic fuel. Due to its versatility, Fischer-Tropsch process was used by Axis forces during World War II and still nowadays is an important route for countries that have easy access to coal. These reactions are usually carried out at pressures ranging from 10 to 45 bar and at high or low temperature levels, which favors gasoline or diesel production. By taking into account Fischer-Tropsch's high heat of reaction, it is suitable to be thermally coupled with a lot of different endothermic reactions, such as ammonia decomposition [2] and dehydrogenation of cyclic hydrocarbons [3] . Other combinations of Fischer-Tropsch synthesis with endothermic systems can be found in the extensive review presented in [1] . The effectiveness of Fischer-Tropsch synthesis is measured by the amount of gasoline produced in relation to 100 g of a mixture of carbon monoxide and hydrogen fed in the process. A kinetic model of the Fischer-Tropsch reactions was suggested in the literature and validated according to experimental data from a pilot plant [4] . In this work [4] , where the exothermic reactions were not coupled with endothermic ones, the authors reported a gasoline yield of 7.1 g / 100 g. This yield can be further improved if Fischer-Tropsch reactions are combined with endothermic systems, such as the dehydrogenation of cyclohexane and decalin. In the former, gasoline yield was equal to 9.6 g / 100 g and in the latter 9.2 g / 100 g [3] . Since Fischer-Tropsch synthesis is as alternative to produce synthetic gasoline and the process yield can be increased through thermal coupling, the aim of this work is to study Fischer-Tropsch reactions coupled with the dehydrogenation of methylcyclohexane, a cyclic hydrocarbon, in a multifunctional reactor. Another motivation of this work is that no references concerning this specific reaction coupling were found in the literature.
Methodology

Reaction Kinetics
Fischer-Tropsch synthesis can be represented by a set of 8 exothermic reactions, as indicated in Table 1 . In reactions 1 till 6, methane, ethylene, propane, n-butane and i-butane are obtained, respectively. Synthetic gasoline is shown in reaction 7 and indicated by 6 12 , in a simplified way. Besides, reaction 8 is the water gas-shift reaction, an undesired one where carbon monoxide reacts with water and forms carbon dioxide. Reaction kinetics was taken from the literature [5] and it is indicated in Equation 1 , where is the reaction number, the reaction rate, in mol/kg·s, stands for the preexponential factor, in mol/kg·s·bar m+n , is the activation energy and and 2 represent carbon monoxide and hydrogen partial pressures, in bar.
The exponents and , pre-exponential factor and the activation energy , written in kJ/mol, are presented in Table 2 [5]. 
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The water gas-shift reaction kinetics, expressed in reaction 8, was modelled according to [6] , as indicated in Equation 2, where is the equilibrium constant and , 2 and 2 are carbon monoxide, water and hydrogen partial pressures, in bar. 
Dehydrogenation of methylciclohexane, an endothermic reaction written as 7 14 ⇄ 7 8 + 3 2 , follows a kinetic model suggested by [7] and is expressed according to Equation 3 , where 9 is the rate constant and the equilibrium constant. 9 = 0,278 9 7 14 (1 − 
Mathematical model
The following assumptions were considered to write the mathematical model of the multifunctional reactor:
 Steady state;  Ideal gas behavior;  Pseudo-homogeneous and one-dimension model;  Constant overall heat transfer coefficient.
Equation 4 describes the material balances for each component of the reaction system, where is the molar flow rate, the length of the reactor, is the cross section area, the bed's apparent density, the number of reactions and , represents reaction rate of component in reaction .
Energy balances for the exothermic and endothermic regions are written in Equations 5 and 6, respectively, for parallel flow. In these equations, represents the overall heat transfer coefficient, is the heat transfer area per volume, ∆ , refers to the enthalpy of reaction, the specific heat and is the number of components. For the exothermic and endothermic systems, and are equal to 11 and 4.
Pressure drop in the catalytic beds was also taken into account through Ergun correlation, indicated in Equation 7 , where is the bed void fraction, Φ the Ergun factor, the Reynolds number, the superficial velocity, is the density of the gas phase and represents the particle diameter [8] .
The system of ordinary differential equations described by Equations 4 till 7, an initial value problem, was solved in Matlab by using the function ode15s, which is adequate for stiff problems. These equations were integrated in , with a reactor length of 12 m. The conditions used for the basis case were taken from the literature and are shown in Table 3 , where is the spatial time, the total molar flow rate and is the tube diameter, in a double pipe arrangement. Subscript refers to reactor inlet conditions. 
In addition to technical aspects, economic ones were also considered in this work by defining a profitability index , in Equation 9 , where is the price of component , the total mass of catalyst in the reactor and is a time conversion factor that computes plant's operation period in a year. Table 4 presents the prices of the different substances and it was taken from [10] . 1.24 7 8
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The profitability index is written in US$/kg•year and represents the difference between products and feedstock costs per kilogram of catalyst and in a yearly basis. It should be stressed that separation and recycling expenses were not evaluated in . Yet, is still useful as an initial economic approach -if it is negative, operation shows a loss an no further investigation is needed in that scenario.
Physical properties
Physical and transport properties used in this work are shown in Table 5 , in which the subscript refers to a pure component and the absence of an index in the variable is related to a mixture. 3. Results and discussion
Basis case
When FT synthesis is coupled with MCH dehydrogenation according to the conditions specified in Table 3 and the model is simulated, the temperature profile indicated in Figure 2 is obtained. The horizontal axis represents a dimensionless position in the reactor, written as / . It can be observed that there is a temperature runaway in Fischer-Tropsch reactions, which are highly exothermic. Temperature increases briskly and exceeds 900 K. Temperature runaway is due to poor heat exchange -the overall heat transfer coefficient is equal to 25 W/m 2 •K in the basis case, which is quite low. It depends on individual heat transfer coefficients ℎ and ℎ . These coefficients are equal to 475 and 27 W/m 2 •K, respectively, indicating that ℎ limits heat transfer. Both coefficients are strongly affected by flow conditions. Therefore, these conditions, which also influence spatial time, are mapped in the next section.
Operational condition mapping
Since ℎ restrains heat exchange, this coefficient can be increased when the endothermic stream flow is augmented, i.e., when spatial time decreases. Figure 3 shows the influence of spatial times and on the individual heat transfer coefficients ℎ and ℎ . Even for the lowest combination of these two coefficients, is still greater than 120 W/m 2 •K, which enables coupling of Fischer-Tropsch synthesis / MCH dehydrogenation and avoids temperature runaway. The curves on Figure 4 show that an increase on spatial time improves gasoline yield as well as reaction conversion in the Fischer-Tropsch synthesis. Some of the curves do not extend on the range analysed because of temperature runaway problems. Figure 4 also indicates that there a lot of different combinations of and which lead to better gasoline yields when compared to the non-coupled process, studied in [4] . In this reference, yield was equal to 7.1 g / 100 g, as previously mentioned. Even when Fischer-Tropsch coupled processes are considered, gasoline yield found in this work is interesting. In reference [3] , for instance, where Fischer-Tropsch reactions were coupled with dehydrogenation of cyclohexane, gasoline yield was equal to 9.6 g / 100 g. If Figure 4 is analysed, one can see that this yield can be further improved. The profitability index is a way to characterize the economic performance of the process. Figure 5 shows the effect of spatial times and on . It can be noticed that for each curve of there is an optimal that maximizes . If is equal to 3.0 s, for example, a of 23.0 s leads to an optimum around 300 US$/kg•year. It is also interesting to point out that the conditions related to the best profitability index do not match those connected to the best gasoline yield, presented in Figure 4 . Despite that, the simultaneous analysis of gasoline yield and profitability index can lead to a reasonable solution for both of them, as show in the next section. Table 6 presents the operational conditions chosen in the case study, with spatial times and of 25.0 s and 3.6 s, respectively. Inlet stream temperatures and pressures were kept the same as in Table 3 . One can see that gasoline yield was equal to 7.8 g / 100 g, which is acceptable and better than the non-coupled process [4] . Moreover, when one considers the behaviour shown in Figure 5 , it can be observed that the profitability index was also reasonable, attaining 476 US$/kg•year. The overall heat transfer coefficient value suggests an efficient heat exchange, without temperature runaway. The temperature profiles for the case study are presented in Figure 6 . For low values of / , reaction rates are small for the exothermic side of the reactor as well as for the endothermic one. As a consequence, the term ∑ =1 (−∆ , )(− , ) in Equations 5 and 6 is not meaningful. Therefore, temperature decreases and rises due to heat exchange between the streams till the position / equal to 0.07. After this position, the heat released by the exothermic reaction becomes significant and increases until a temperature peak of 618 K, which is tolerable for the catalyst. Pressure drop across reactor's catalyst bed can have a strong influence on the behaviour of the reactional system and derail reaction coupling. Pressure drop along the catalytic beds was taken into account by using Equation 7 , as indicated in Figure 7 . The red and blue lines represent pressures for exothermic and endothermic sides, respectively. Due to relatively low flow velocities, it can be seen in the pressure profiles that pressure drop is not an issue for the case studied in this section. 
Conclusion
Multifunctional reactors are used in chemical process industries and promote thermal coupling between an exothermic and an endothermic reaction. In this work, recuperative coupling of Fischer-Tropsch synthesis and methylcyclohexane dehydrogenation was analysed and the results showed that it is technically feasible, with reasonable gasoline yield (Figure 4 ), which exceeded 10 g / 100 g. An operational condition for the multifunctional reactor was suggested (Table 6 ), without temperature runaway ( Figure 6 ) and limited pressure drop (Figure 7) . Besides, a preliminary economic evaluation showed that coupling of FT synthesis and MCH dehydrogenation is promising ( Figure 5 ). 
